Abstract The statistical random sample technique has been utilized to develop a new MonteCarlo algorithm MCHET code recently. A large amount of comparative simulation calculation work relating to the neutralized alpha-particle transport has been performed. As a result, we have found the beneficial optimizing plasma density and temperature profiles in the divertor region, with the great resulting improvement of helium ash removal efficiency by the simultaneously externally applied proper RF ponderomotive force potential energy in the vicinity of the divertor plate region. In this work the dominant atomic processes of electron impact ionization and elastic scattering by plasma ions are included. The thermal and streaming motion of the ions along the magnetic field is taken into consideration. Important conclusions are obtained that the probability of neutral helium turning back to the target plate will increase at least by 50% for the optimized combination of the beneficial density, temperature profiles and proper RF perpendicular electric field. For FEB (Fusion Experimental Breeder) reactor design parameters, the RF ponderomotive potential enhancement from 0.5 to 0.9 of ash removal efficiency can be obviously obtained. In the meantime, the tritium inventory may also be reduced to some extent.
Introduction
In a D-T fusion reactor some particular magnetic field configurations are used in the divert or to guide ash particles to the target plate where they get neutralized. Here we discuss a flat vented target plate in which there are some holes leading to the pump duct [1] . There are two possibilities for neutralized helium. If the striking point is inside one of the holes of the plate, the resulting helium atoms will be scattered into the pump duct and pumped out; otherwise they get scattered back to the plasma and subsequently either go into a hole and are pumped out due to elastic scattering by plasma ions or return to the plasma again. The dominant atomic processes are electron impact ionization and elastic scattering by hydrogenic ions for neutral helium in the low temperature region near the plate. The proton-helium charge exchange reaction can be neglected and charge exchange of helium with He + and He ++ ions is also negligible due to the low densities of both helium ions in this region. If sufficient backscattering of helium atoms to the plate through elastic scattering of neutral helium by hydrogenic ions happens, then ash removal can be accomplished.
POTTERS et al. [2] studied neutral helium transport in plasma and also considered the elastic scattering process, but they solved Boltzmann's equation numerically by using a simple model (BGK model) in which collisions cause the neutral helium distribution function to relax towards the Maxwellian distribution function at the local temperature with the relaxation time τ He assumed to be independent of velocity. SEKI [3] and HEIFETZ [4] et al. used the Monte Carlo method to simulate the helium transport, but did not consider the process of elastic scattering with ions.
In this study, a Monte Carlo algorithm code MCHET is newly programmed to survey the helium transport near the divertor plate region. The dominant atomic processes of electron impact ionization and elastic scattering by plasma ions are included. The thermal and streaming motion of the ions along the magnetic field is taken into consideration. The effects of the density profile near the plate, the angle between the magnetic field and the target plate, the temperature of the plate, the edge plasma sheath potential, with or without externally applied RF ponderomotive force potential energy and different target materials on the probability of neutral helium turning back to the target plate are simulated.
Dominant physics
The neutralized alpha-particles turning back to the plasma are either ionized by the electrons or scattered by hydrogenic ions. The rate coefficients of electron impact ionization for helium are obtained from the formulation of BELL et al. [5] . Because of the lack of data on the elastic scattering of neutral helium by hydrogenic ions, we obtain the required cross section by using a classical potential scattering model. A spherically symmetric potential, V (r) given by [6, 7] 
is employed, where U = 118.99 eV, the difference between the ground-state energies of helium and Li + , α = 0.732 × 10 −8 cm, the polarizability of helium, A=0.442, B=0.505 and C=0.451.
The elastic scattering rate coefficient σν s is given by
where σ s (g) is the elastic scattering cross section as a function of relative speed g, g = |v p − V |, v p is the velocity of helium atoms, V is the ion velocity and f i (V ) is a shifted Maxwellian distribution given by
where m H is the mass of the hydrogenic ions, T i is ion temperature, a is ion flow velocity. We introduce an approximate solution of Eq. (2) and the relative speed g has been substituted with an average speed g * , Let
3 New PSI (plasma surface interaction) model on the target
Helium ions striking the plate get neutralized and turn back to the plasma mainly by backscattering and re-emission processes. The mean energy of backscattered helium is defined as
where E 0 ,α are the energy and angle of incident particles. R N and R E are the particle and energy reflection coefficients.
We also use the induced energy, ε, introduced by LINDHARD et al. [8] and it is given by ε = 32.55
for describing the data of R N and R E given by CUPINI et al. [9] for different energy regimes and plate materials. m 1 , z 1 , m 2 , z 2 are the mass and nuclear charge of incident particles and plate atoms. In our model, the plate materials of graphite, stainless steel, molybdenum and tungsten are considered. To account for the effect of the incident angle on the coefficient R N , the formula
has been used. R N (E 0 ) is for normal incidence. The R E is assumed to be independent of the incidence angle. The angular distribution of the emerging helium is approximated by a cosine law for both backscattering and re-emission. The particles re-emitted have the speeds sampled by a speed Maxwellian distribution in this PSI model,
Two cases of different neutral helium sources are sampled. First, monoenergetic (0.05 eV) neutral helium is emitted from the plate; the reflection at the plate is neglected. In this case, we can calculate the probability for a helium atom born at the plate to be scattered by the plasma ions back to the plate. The second case considers the neutral helium source which comes from the neutralization of helium ions incident on the plate. The reflection at the plate is taken into account. Helium atoms striking the plate are either reflected back as described in the above section or escape from the system. In this case, the energy of α particles striking the plate is sampled from the shifted Maxwellian distribution
where a 1 is the edge ion flow velocity, T i1 is the edge ion temperature. Total incidence energy E 0 of α particles, with RF ponderomotive potential added, will be
due to the acceleration from the potentials Φ of the edge plasma sheath, presheath and ψ RF , here ψ RF is introduced as the "equivalent ponderomotive potential energy" by the authors [1] ; without the RF ponderomotive case, we can set that ψ RF equals zero. However, for He + particles re-emitted from the plate then
Here v is sampled by Eq. (11) and approximately we have [1] ψ RF (He
4 Sampling method of collision events
The HUGHES [10] method has been used in this simulation for collision sampling to track the helium particle path length of collision until it is ionized by electrons or elastically scattered by plasma ions. The ionization events are sampled by using the method of suppression of absorption [9, 10] . Let v be the velocity of neutral helium and V the velocity of target ions in the laboratory frame. The elastic scattering is treated in the frame where the target ion is at rest and then the velocity of helium atoms in this frame will be
The scattering angle is
A = m H /m He , Θ is the scattering angle in the CM (mass-center) frame and it is sampled using a method employed in the neutron transport calculation [11] . Since the scattering is anisotropic, we regard the (n + 1) mass-center angles as n equally probable intervals of the cumulative distribution function
where E r is the incident energy, σ(Θ, E r ) is the differential elastic scattering cross section, σ(E r ) is the total elastic scattering cross section. After scattering, the speed or emerging helium atom in this frame will be
The direction cosines of the emerging helium atom are given, if |ω r2 | ≤ 0.999999
Otherwise ω rx = sin θ 2 cos ϕ,
The azimuthal angle ϕ is sampled isotropically from
where ξ is a random number uniformly distributed within the (0∼1) region, d is given by
Then the speed and the direction-cosines of the scattered helium atom can be derived by transformation between the frames. In this way, we can obtain its speed and direction-cosines in the laboratory frame. The scattered helium atom is then tracked until the particle either escapes from the system or is ionized. We track another new ash atom emitted from the plate by repeating all the above steps again and keep on tracking.
Without the RF ponderomotive potential applied, we can set ψ RF equal to zero in Eq. (13-1) and Eq. (13-2). The space region in our simulation is a 7 cm slab from the plate towards the plasma. If plasma density is a uniform distribution and equal to 1 × 10 14 cm −3 , the plate material is stainless steel, the target temperature is 500 K, the angle between the magnetic field line and plate is 10 o , the ion flow velocity is 3 × 10 6 cm/s, the plasma sheath potential is 3 T e and with wall reflection, the probability of the helium atom turning back to the plate is shown in Fig. 1 . The upper line refers to the case without wall reflection; the lower one is with wall reflection. We can find the probability rapidly drops as the ion temperature rises above 10 eV; this is resulting from the elastic scattering backward that becomes weakened. For comparison the plasma temperature profile, two completely inverse density profiles, and ion flow velocity profile used for the next step simulation are all plotted in Fig. 2 . We refer to the density profile N i as the ordinary profile, and n i as the inverse profile which is smoothly raised up to 4.7 times higher at the divertor plate than that at 7 cm apart inward as compared with the ordinary outward decreasing density profile. The probability of helium atoms turning back to the plate by the elastic scattering for the N i profile is noted as J N , and J n is for n i . Fig.1 The probability of helium atom turning back to the plate varies with the plasma temperature Ti Fig.2 The profiles of plasma temperature Ti, density Ni, ni and ion flow velocity Ai in the vicinity of the divertor plate. They are used in simulation (color online) Fig. 3 shows the effect of the angle between the magnetic field and target plate on the probability. It can be seen that the inverse profile will help remove ash and the probability is more sensitive to the angle in this case. This is because the elastic scattering becomes more active. Fig.3 The probability varies with the angle between magnetic field and plate, JN is for density profile Ni and Jn is for ni, with wall reflection Fig. 4 shows the relation of the probability with plate temperature T w . The density profile and plate temperature make a notable impact on the ash removal efficiency. This can be explained by the kinetic energy of the re-emitted helium atom having been characterized by the plate temperature. The lower T w , the lower the velocity of the helium atom; therefore it will be more difficult to penetrate the slab and be scattered back to the plate by the plasma ions in the end. Fig. 5 shows the probability of the helium atom to turn back to the plate versus the edge plasma sheath and pre-sheath potentials. Because the potential of the plate is negative with regard to the plasma, the helium ions will be accelerated by the potential before striking the plate, hence it gains energy which creates some effects on the reflected helium atom. The processes occurring on the plate material are more complicated. Results show it is not sensitive to the sheath potential. The comparisons of the probabilities of helium particles scattered back to the plate for different materials under two different density profiles with a fixed temperature profile are shown in Fig. 6 . We can see the probability increases 50% for the N i profile in comparison with the n i profile, but its absolute increment seems insensitive to the material. Fig.6 Comparison of the probabilities of helium particle turning back to the plate for two density profiles Ni and ni with or without wall reflection on different plate materials. Temperature profile is fixed (color online)
RF ponderomotive potential added
With the RF ponderomotive force applied near the target, in this case, Eq. (13-1) to Eq. (13-3) are used in this simulation. In cold plasma approximation, one of the time-averaged RF ponderomotive force can be applied by RF wave
where ψ RF is the introduced "equivalent ponderomotive potential" by the author [1] .
If the frequency of the applied RF wave is a little greater but almost equal to the ion cyclotron frequency, i.e., ω ≈ ω cj , the second term of Eq. (23) becomes negligible, then we have
where E ⊥RF = E ⊥ , ω cj , q j , m j are the perpendicular component of the externally applied RF wave electric field, ion cyclotron frequency, ion charge and mass of j th ion particle species. We have obtained some new conclusions, for the FEB divertor design parameters as indicated in the legend of Fig. 7 , B=1.6 T at the perpendicular distance L=20 cm from the target plate, where an RF wave (with its frequency being a little greater than the tritium ion cyclotron frequency) potential is locally applied The helium ash removal efficiency with RF enhancement J RF J 0 for the plate re-emitted neutral helium atom energies W of 0.75 eV, 3 eV is shown in Fig. 7 , J 0 refers to the efficiency of the case without RF wave applied. The RF ponderomotive potential improvements are obviously obtained.
Conclusions
We have some important conclusions. The inverse density profile with a lower temperature (such as below 10 eV) in the vicinity of the divertor plate may help remove ash particles from the system, because the helium atoms recycled from the plate are backscattered to the pump duct by the plasma ions more actively, etc. Finally, the RF ponderomotive potential improvements are highly notable, and beneficial to reduce the tritium inventory since tritium ions can not penetrate this potential region as they are reflected by the RF positive potential.
